Eating disorders (ED), including Anorexia Nervosa (AN), Bulimia Nervosa (BN), and Binge Eating Disorder (BED), are medically dangerous psychiatric disorders of unknown etiology. Accumulating evidence supports a biopsychosocial model that includes genetic heritability, neurobiological vulnerability, and psychosocial factors, such as stress, in the development and maintenance of ED. Notably, stress hormones influence appetite and eating, and dysfunction of the physiological stress response has been implicated in ED pathophysiology. Stress signals also appear associated with food reward neurocircuitry response in ED, providing a possible mechanism for the role of stress in appetite dysregulation. This paper provides a review of some of the interacting psychological, behavioral, physiological, and neurobiological mechanisms involved in the stress response among individuals with ED, and discusses novel neuroimaging techniques to address potential physiological confounds of studying neural correlates of stress in ED, such as calibrated fMRI.
M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT traits (Wagner et al., 2006) contributing to the pathogenesis of EDs. These temperament and personality factors include anxiety (Kaye et al., 2004) , perfectionism (Friederich and Herzog, 2011) , obsessionality (Anderluh, Tchanturia, Rabe-Hesketh and Treasure, 2003; van den Heuvel et al., 2005) , punishment sensitivity (Harrison, O'Brien, Lopez and Treasure, 2010; Jappe et al., 2011) , interoceptive deficits (Lilenfeld et al., 2006) , and harm avoidance (Fassino et al., 2002 ) -a temperament trait (Cloninger, Przybeck, Svrakic and Wetzel, 1994) containing elements of anxiety, inhibition, and inflexibility. However, temperament findings do not clearly respect diagnostic boundaries: while all ED subtypes share high punishment sensitivity in the ill and remitted states (Harrison, O'Brien, Lopez and Treasure, 2010; Jappe et al., 2011; Matton et al., 2013) , findings of reward sensitivity are mixed. For example, while some suggest it is elevated in both AN and BN (Glashouwer et al., 2014; Jappe et al., 2011) , others show subtle subtype differences that might be symptom-driven (Harrison, O'Brien, Lopez and Treasure, 2010; Matton et al., 2013) . Similarly, elevated impulsivity is more characteristic of disorders with a binge and/or purge component than AN restricting subtype (Farstad, McGeowan, and von Ranson, 2016; Favaro et al., 2005; Waxman, 2009 ), suggesting that these temperament traits are transdiagnostic and may relate more closely to neurobiology than diagnostic classification. Importantly, together these traits are thought to increase vulnerability to stress, which might maintain ED symptoms through maladaptive coping strategies.
Individuals with AN and BN report global difficulties with effectively regulating their emotional experiences (Brockmeyer et al., 2014) , and ED behaviors tend to be used for coping with or modulating emotion. For instance, women with ED tend to be less effective in their coping, with evidence suggesting they are more likely to use negative (e.g., cognitive avoidance or cognitive rumination) vs positive coping strategies in response to severe events or difficulties (Burkert et al., 2015; Troop et al., 1998) . In AN, dietary restraint and reduced daily caloric intake appears to serve as a means of anxiety reduction (Kaye, Strober and Klump, 2003; Steinglass et al., 2010; Vitousek and Manke, 1994) , whereas eating increases dysphoric mood (Frank and Kaye, 2012) . For BN, negative affect, mood lability, and stress may trigger binge eating episodes. Although the binge and purge cycle appears to reduce dysphoria and/or anxiety in the short term (Abraham and Beaumont, 1982; Crosby et al., 2009; Haedt-Matt and Keel, 2011; Johnson and Larson, 1982; Kaye et al., 1986; Smyth et al., 2007) , supporting the notion that bulimic behaviors are negatively reinforcing, recent naturalistic data suggest binge-purge behavior may ultimately lead to greater overall affective dysregulation . However, the biological stress response in ED, and how it might interact with behavior to elicit or maintain ED symptoms is not well understood.
The stress response and its role in eating behavior
The stress response is characterized by activation of two core physiological systems. The more immediate response is mediated by the sympathetic nervous system (SNS), which facilitates rapid adaptation, traditionally referred to as the fight or flight response, through the release of epinephrine and norepinephrine (Het et al., 2015; Romeo, 2013; Ulrich-Lai & Herman, 2009 ). Complementing the rapid actions of the SNS are more protracted features of the stress response that are mediated by the hypothalamic-pituitary-adrenal (HPA) axis. A hormonal cascade begins with release of corticotrophin releasing hormone (CRH) from the paraventricular nucleus of the hypothalamus, which functions to stimulate release of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland, which in turn initiates release of glucocorticoids from the adrenal cortex (GCs; e.g., cortisol in humans) (Adam & Epel, 2007; Herman et al., 2003; Ulrich-Lai & Herman, 2009) . GCs bind to two receptor types in the brain: the glucocorticoid receptor (GR) and the mineralocorticoid receptor (MR) (ter Heegde, De Rijk, and Vinkers, 2015) . Ultimately this process serves to mobilize energy reserves to facilitate either M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT reactive or anticipatory adaption to the stressor that initiated the response (Herman et al., 2016) . Under normal circumstances, following cessation of the stressor, GCs exert inhibition through negative feedback on the HPA axis, with additional inhibitory influences on cortical regions external to the HPA axis including limbic areas and the prefrontal cortex (Herman et al., 2003; Herman et al., 2016; Oitzl et al., 2010) .
With regard to influences on appetite and eating, the primary hormones involved in the HPA axis-mediated stress response have complex and in some cases opposing effects on appetitive behavior. Typically, in the context of acute stress, CRH is anorexigenic in nature and promotes a similarly anorexigenic effect of cortisol in the short-term. However, in the context of prolonged stress, chronically elevated GCs promote inhibition of CRH and ultimately result in an overall orexigenic effect (Cavagnini et al., 2000; Crespo et al., 2014) . This shift from acute to chronic effects is commonly noted as a potentially important mechanism underlying the apparent association between stress and weight gain (Gluck, 2006; Torres & Nowson, 2007) . Empirically, evidence suggests that increased food intake is a common reaction to stress, although a minority of individuals experience stress-induced reductions in food intake (Adam & Epel, 2007; Greeno & Wing, 1994) . In particular, studies point to a particularly potent role of elevated cortisol in relation to food choice, with higher levels of stress and cortisol promoting selection and intake of more palatable and calorically dense foods (i.e., those with greater fat and sugar content) (Born et al., 2010; Epel et al., 2001; Newman et al., 2007; Oliver et al., 2000) . Furthermore, acute stress has been shown to promote non-homeostatic eating (i.e., eating in the absence of hunger) in normal and overweight individuals (Rutters et al., 2009) . Notably, although a detailed review is beyond the scope of this paper, peripheral hormones (e.g., leptin, ghrelin) can exert modulatory effects on HPA axis activity and thus also have influences on appetite behavior (Ross et al., 2016) . For example, leptin can function to suppress cortisol through negative feedback at the adrenal cortex or through inhibition of hypothalamic CRH release (Bornstein et al., 1997; Heiman et al., 1997) , whereas ghrelin can stimulate release of ACTH (van der Lely et al., 2004) .
Functioning of the stress response system in ED
As described above, a substantial theoretical and empirical literature focused on behavioral and psychological factors suggests the salience of stress in relation to the development and maintenance of ED, as well as in the treatment of these disorders. For instance, stress-related experiences have been highlighted in terms of the potential risk of ED onset (e.g., history of childhood trauma) (Carr et al., 2013; Caslini et al., 2015) , the occurrence and maintenance of ED symptoms (e.g., severity of momentary stress preceding and following ED behaviors) (Mason et al., 2017; Smyth et al., 2007) , and the potential utility of targeting stress, coping, and related factors (e.g., emotion regulation, distress tolerance) in ED treatment (Wonderlich et al., 2015; Safer et al., 2009) . Although the role of the glucocorticoid receptor (GR) in stress reactivity is well-established, recent work suggests that the mineralocorticoid (MR) receptor, which is predominantly expressed in the limbic system, is also a critically important modulator of stress and influences basal as well as stress-induced HPA-axis activity (ter Heegde, De Rijk, and Vinkers, 2015) . Notably, variation in MR expression is thought to influence the vulnerability to develop a psychiatric disorder after exposure to traumatic stress, with a loss of MR expression in limbic areas associated with psychiatric disorders. Thus, a decrease in MR functionality is posited to lead to a maladaptive stress response that consequently increases one's vulnerability to the effects of chronic stress. Although no studies have examined mineralocorticoid receptors in ED, the correspondence between early life stress and psychiatric disorders has led investigators to posit that the impact of early life stress on later stress responsivity is mediated by changes in gene expression of GR and MR (Struber, Struber, and Findings from an increasing number of psychophysiological and neurobiological studies of stress in ED samples further support the importance of the stress response in ED pathophysiology. For example, findings have demonstrated that individuals with ED exhibit a pattern of altered SNS activity across a number of indices including heart rate variability, blood pressure, and salivary alpha-amylase, among others (Het et al., 2015; Koo-Loeb et al., 1998; Mazurak et al., 2011; Messerli-Bürgy et al., 2010; Peschel et al., 2016) . With regard to the more protracted mechanisms of the stress response mediated by the HPA axis, evidence also points to dysregulation. For instance, HPA axis hyperactivity has been found in individuals with AN and BN, most notably characterized by elevated serum and salivary cortisol (Culbert & Klump, 2016) . Furthermore, findings support the presence of an elevated cortisol awakening response (CAR) in women with current AN versus controls, although such differences are not evident in BN (Culbert & Klump, 2016; Monteleone et al., 2014; 2016) . Additional evidence suggests that in AN, the binge-purge subtype is characterized by the highest CAR levels (Monteleone et al., 2017) , a finding which is notable as it suggests potentially additive relationships of chronic starvation and binge-purge behaviors with regard to HPA axis dysfunction in AN. Compared to studies focused on average or basal HPA axis functioning, an arguably greater degree of heterogeneity has emerged from studies of reactivity to acute, laboratory-based physical and/or psychosocial stress exposure (Culbert & Klump, 2016; Het et al., 2015; Vannucci et al., 2015) . Overall, however, contrasting with the evidence of elevated basal cortisol in those with AN and BN, findings regarding stress reactivity are suggestive of a blunted cortisol response in individuals with EDs, potentially reflecting HPA axis downregulation due to chronic and pervasive stress exposure (Culbert & Klump, 2016; Ginty et al., 2012; Het et al., 2015; Vannucci et al., 2015; Zonnevylle-Bender et al., 2005) .
Recent research has also sought to more directly examine the associations between HPA axis activity and core symptoms characterizing ED. For example, in a study of women across the weight spectrum from underweight to obese, average nocturnal cortisol levels were found to be positively associated with multiple cognitive measures of ED psychopathology, controlling for body mass index . Additionally, in a study of obese participants with and without BED, cortisol response to a stress task was positively associated with change in the desire to binge eat in the BED group (Rosenberg et al., 2013) . However, in a study of AN that examined associations between cortisol and appetite, Lawson et al. (2013) found that cortisol levels were inversely related to both homeostatic and hedonic appetite in currently ill and weight restored AN. Interestingly, Zonnevylle-Bender et al. (2005) found that adolescent AN patients self-reported higher levels of stress-related anxiety following a stress exposure task, but this was not reflected in the cortisol response. In contrast, increases in both self-reported anxiety and cortisol were found in controls, suggesting that the blunted cortisol response that seems to characterize AN may not translate into a blunted perception of stress. Such findings highlight the complexity of understanding the interacting psychological, behavioral, physiological, and neurobiological mechanisms involved in the stress response among individuals with ED.
Taken together, the existing literature thus supports the presence of dysfunction in the stress response system in ED, including altered SNS activity and disturbance of HPA axis functioning with regard to both acute (blunted) and chronic (elevated) stressors (Lo Sauro et al., 2008; Mazurak et al., 2011; Peschel et al., 2016) . As noted by Herman et al. (2016) , this is particularly concerning given that dysfunctional and/or protracted activation of the HPA axis is energetically costly and may function as a potent maintaining factor for psychiatric illness. However, a M A N U S C R I P T
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number of issues related to the stress response in ED are in need of further study. For instance, findings have been mixed with regard to persistence of HPA axis dysfunction following ED recovery, and the extent to which such dysfunction represents a predisposing physiological risk factor remains unclear (Culbert & Klump, 2016) . Furthermore, the distinctive features of each ED (e.g., differences in body mass index, nutritional status, etc.) suggest the need to clarify how these underlying mechanisms may vary across the disorders. Finally, the unique mechanisms underlying HPA axis dysfunction in ED, and the interacting effects of ED symptoms (including bulimic behaviors, malnutrition, and starvation), psychosocial stressors, and the physiological components of the stress response system, requires further elaboration. As such, more work is needed to determine the degree to which HPA dysfunction in ED is secondary to physical effects of ED behaviors (i.e., malnourishment, chemical and hormonal imbalances) or is attributable to psychological stress. It is also possible that some of the conflicting findings across basal and acute measures of stress could be resolved by mapping these cortisol patterns onto particular constructs that are transdiagnostic across EDs (e.g., harm avoidance).
Association of stress signals and food reward neurocircuitry in ED
There is considerable overlap in the limbic and paralimbic neural circuitry regulating stress and food reward, including the hypothalamus, amygdala, hippocampus, ventral striatum and insula (Cleck & Blendy, 2008; Monteleone et al., 2018 ) (see Figure 1) . These regions contain dense expression of receptors (CRF1, CRF2, GR, and MR) of HPA hormones to modulate both the stress response and appetite (Chalmers, Lovenberg and De Souza, 1995; Chalmers, Behan and De Souza, 1996; Lawson et al., 2013; McEwen, 1988; McEwen, De Kloet and Rosetene, 1986; McEwen, K. and Schwartz, 1969; Struber, Struber, and Roth, 2014) . The hypothalamus is central to integrating peripheral feeding signals with cortical and subcortical food motivation circuits. The hippocampus regulates food intake by processing hunger and satiety signals and detecting learned signals which are paired with eating and the consequences of eating (i.e., Pavlovian conditioning, operant conditioning, negative occasion setting) (Benoit, Davis and Davidson, 2010; Davidson and Jarrard, 1993; Davidson et al., 2007; Hargrave, Jones and Davidson, 2016) . The amygdala is implicated in non-homeostatic feeding and is influenced by acute and chronic stress (Rudenga, Sinha and Small, 2013) . The ventral striatum, including the nucleus accumbens and putamen (Braun, Lasiter and Kiefer, 1982) , plays a role in assessing the reward value of food, learning satiety cues, and regulating consumption via connections to the insula (Fudge, Breibart, Danish and Pannoni, 2005) . The insula, which includes the primary gustatory cortex, assesses sensory taste experience (Fudge, Breibart, Danish and Pannoni, 2005; Small, 2010) and integrates this information with interoceptive (e.g., visceral, homeostatic, emotional) signaling from the ventral striatum and hypothalamus to guide motivated behavior. Together, this circuitry integrates autonomic function, learning, reward value, and motor control (Devinsky, Morrell and Vogt, 1995; Freedman, Insel and Smith, 2000; Paus, 2001; Price and Drevets, 2012; Williams et al., 2004) in the context of metabolic states to motivate feeding (Appelhans, 2009; Rolls, 2008 ; see review Kaye et al., 2009; Rolls, 2016; Volkow, Wang and Baler, 2011) .
Neuroimaging studies employing stress induction tasks have revealed an association between stress and the neural substrates of appetite in individuals across the weight spectrum. In healthy weight individuals, the experience of acute stress dampens brain response to food cues in limbic reward circuitry (Born et al., 2010) . In patients with AN, higher reported stress was associated (trend level) with smaller hippocampal volume, which may explain deficits in coping and emotional regulation (McEwen and Gianaros, 2010) . This is consistent with prior studies showing that stressful life events influence the neuroplasticity of the hippocampus and associated regions, and alterations in neuroplasticity of the hippocampus can affect stress M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT reactivity and coping (McEwen and Gianaros, 2010) . In patients with BN, activation in the precuneus, anterior cingulate cortex, amygdala, and ventral medial prefrontal cortex while viewing food cues was reduced following acute stress , and this decreased response was associated with self-reported increased perceived stress prior to binges . Findings of decreased precuneus activation in BN to food cues following acute stress, thought to reflect decreased self-referential thought, were subsequently replicated (Collins et al., 2017) and interpreted to support escape theories of emotion regulation in BN (i.e., the notion that binge eating is triggered by acute stress and serves to distract from selfawareness and negative self-referential thoughts) (Heatherton and Baumeister, 1991; Collins et al., 2017) . In contrast, in overweight or obese individuals, acute stress elicits greater amygdala response to taste of milkshake, with a significant association between basal cortisol and amygdala response (Rudenga et al., 2013) , which may drive appetitive "stress" eating.
Studies that have examined associations between brain activation and cortisol levels provide more direct evidence that HPA activation may be involved in the pathogenesis and maintenance of AN via the suppression of appetitive drive through directly affecting appetite-regulating regions of the brain (Lawson et al., 2013) . For example, Lawson and colleagues (Lawson et al., 2013) reported elevated serum cortisol levels in individuals with active AN or who were weight restored, and associations between increased cortisol and lower fasting homeostatic and hedonic measures of subjective appetite. Moreover, associations between elevated cortisol levels and between-group differences in brain activation (e.g., decreased activation in foodmotivation brain regions including the hypothalamus, amygdala, hippocampus, OFC, and insula) were evident in the patient groups compared to healthy controls, independent of BMI, when viewing palatable food images. Together, these results suggest the HPA dysregulation in AN is associated with altered perception of appetite and hypoactive food motivation circuitry. However, despite these findings that suggest stress may impact structural and functional brain response in ED, most studies do not account for stress when examining the neurobiological substrates of ED.
Physical outcomes of eating disorder behaviors as a unique stressor
There are several unique challenges to using neuroimaging to study ED. Malnutrition and starvation reflect physical stressors of the illness, and the impact of pathological eating and malnutrition on neural processes in ED remains a major methodological question. Malnutrition in AN is associated with changes in brain structure (e.g., reduction in gray matter, altered white matter integrity) and as mentioned above, profound metabolic, electrolyte, and endocrine disturbances (Blasel et al., 2012; Castro-Fornieles et al., 2007; Friederich et al., 2012; Van den Eynde et al., 2012) . Studies in animals suggest that diet and weight can influence dopamine (Avena, Borcarsly and Hoebel, 2012; Johnson and Kenny, 2010) and serotonin metabolism (Kaye, Barbarich, et al., 2003) . The studies reviewed above raise the possibility that stress signals may also confound the fMRI blood oxygen level dependent (BOLD) response. To date, the most common strategy to avoid the confounding effects of abnormal nutritional status on brain structure and function has been to study individuals who are weight-restored or have recovered from an ED, although the definition of recovery varies across studies and it remains conjectural whether abnormal findings reflect traits or scars. An alternative strategy that may have potential utility in reducing these physiological confounds and isolating the effects of stress on brain function is to use calibrated fMRI.
The potential utility of calibrated fMRI to reduce these physiological confounds in ED and better understand stress
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Although BOLD fMRI is the most widely used technique to assess human brain function, it does not directly measure neural activity, but depends on a cascade of physiological events that link neural activity to the BOLD signal. Stress may alter the physiological underpinnings of the BOLD signal and influence the relationship between BOLD response and neural activity. Previous patient fMRI studies (including our own) have not explicitly addressed these potential confounds in the interpretation of BOLD results. Specifically, the BOLD signal reflects local changes in deoxyhemoglobin content, which in turn exhibits a complex dependence on changes in cerebral blood flow (CBF), cerebral blood volume (CBV) and the cerebral metabolic rate of oxygen consumption (CMRO 2 ) (Buxton, 2009; Buxton, Uludağ, Dubowitz and Liu, 2004 ) (see Figure 2 ). CBF is tightly coupled with brain metabolism underlying cognition by increasing local delivery of oxygen and glucose to support neural function and remove metabolic bi-products (Brown, Clark and Liu, 2007) . This hemodynamic neurovascular coupling ensures a strong increase of CBF and neuronal glucose uptake with enhanced neural activity (Buxton, 2009 ). Thus, CBF is an indirect marker of neuronal activity and metabolism, and is most commonly measured with positron emission tomography (PET) 15 O-labeled water, single-photon emission tomography (SPECT), and more recently, arterial spin labeling (ASL) functional magnetic resonance imaging (fMRI). Factors that affect CBF or the coupling between CBF and CMRO 2as is possible with stress-may therefore alter the BOLD response even when neural activity is unchanged (Buxton et al., 2004; Wierenga & Bondi, 2007 ) (see Figure 3 for a conceptual framework).
Altered CBF has been reported in ED, (Frank et al., 2000) with relatively consistent findings of hypoperfusion at rest in regions of the gustatory/homeostatic circuit in ill AN (Kojima, Nagai and Nakabeppu, 2005; Lask et al., 2005; Naruo et al., 2001; Takano et al., 2001) . Findings (Frank et al., 2000) in remitted AN and BN are more discrepant, with some studies reporting hypoperfusion in remitted AN (Rastam et al., 2001; Wierenga et al., 2017) and other studies (Frank et al., 2007; Sheng et al., 2015) reporting no regional differences in CBF. The heterogeneity in methods used to quantify CBF may contribute to these discrepant findings, with higher perfusion reported in ASL than SPECT (Iwanga et al., 2014; Takahashi et al., 2014) images. The meaning of these alterations in CBF is not well understood, and could reflect the influence of stress.
HPA axis hyperactivity may compromise arterial function. GCs like cortisol can facilitate sympathetic actions, such that during stress, their overall physiological effects are to permissively prolong cardiovascular reactivity (i.e., the process by which the cerebral vasculature adjusts CBF). Moreover, arterial tone, which contributes to cardiovascular reactivity by impacting vascular mechanics, is regulated in part by cortisol. Inhibition of cortisol production before mental stress has been shown to prevent endothelial dysfunction (which largely regulates arterial stiffness), and lower levels of circulating cortisol following a 30-minute laughter intervention improved arterial stiffness, suggesting inhibition of the HPA axis has beneficial effects on arterial function (Vlachopoulos et al., 2009) , or alternatively, that excitation of the HPA axis has detrimental effects on arterial function that could impact CBF and compromise the fMRI BOLD signal in patient populations characterized by high stress.
Changes in CBF may also reflect the function of astrocytes, given their critical role in mediating the coupling of neuronal activity with metabolic and vascular responses (Magistretti and Allaman, 2015) . Astrocytic end feet wrap around the endothelium of capillaries and via this contact, they can influence CBF and control the transport of nutrients, such as glucose, in and out of the brain to ensure proper brain homeostasis and support neurons metabolically (Magistretti and Allaman, 2015; Zhang et al., 2012) . Recent evidence suggests astrocytes, similar to neurons, respond directly to multiple nutrient and endocrine signals and, in turn,
contribute to adjusting central nervous system control of systemic metabolism according to nutrient availability (García-Cáceres et al., 2016) . This raises the question of whether findings of altered CBF reflect an aberrant neural-astrocyte response to peptides, enzymes, or metabolic or stress hormones that disrupt appetite signaling.
Supporting this notion is evidence of CBF alteration in other disorders (in addition to EDs) associated with HPA axis activity. For example, PTSD, OCD, and other anxiety disorder patients have demonstrated widespread regions of hyperperfusion in frontal, temporal, and parietal cortices, subcortical structures (caudate, putamen, thalamus), and the cerebellum (Bonne et al., 2003; Kim et al., 2007; Lacerda et al., 2003; Sachinvala et al., 2000) , and hypoperfusion in orbitofrontal, anterior cingulate, and thalamic regions, when compared to healthy controls (Busatto et al., 2000; Kim et al., 2007) . Symptom severity among these patients also appears to correlate (both positively and negatively) with CBF levels (Busatto et al., 2000; Lucey et al., 1997; Osuch et al., 2000) . Moreover, functional CBF shows differential change among those with social anxiety, with an observed pattern of subcortical CBF increase during stress induction tasks, compared to increased cortical (rather than subcortical) CBF among normal controls under the same acute stress conditions (Tillfors et al., 2001) . There is also evidence that everyday stress in the absence of psychopathology leads to functional CBF alteration, with experimentally induced psychological stress among healthy normal controls being associated with increased CBF within the prefrontal cortex, the putamen, and the cerebellum (Ito, Kanno, Hatazawa and Miura, 2003; Wang et al., 2007; Wang et al., 2005) , and reduced CBF within the orbitofrontal cortex (Pruessner et al., 2008; Tillfors et al., 2001; Wang et al., 2007; Wang et al., 2005) .
Cortisol levels are also linked to both increased and decreased CBF among those with stressrelated disorders (i.e., PTSD, social anxiety) most notably in frontal, medial temporal, and hypothalamic regions (Ahs et al., 2006; Bonne et al., 2003) . Similar associations between cortisol and CBF are evident among normal controls during acute stress (Wang et al., 2007; Wang et al., 2005) . These results are consistent with animal studies showing rich cortisol receptor in the prefrontal cortex, hippocampus, and amygdala (Carrasco and Van De Kar, 2003; Charney, 2004) . Corticotropin-releasing factor also appears to be associated with CBF alteration, with animal evidence suggesting its capacity to provoke major increases in CBF (De Michele et al., 2005) . Overall, these findings support the notion that HPA axis function is associated with resting and functional CBF alteration, which could serve to confound the BOLD signal.
Taken together, this suggests that populations characterized by high stress, such as EDs, are likely to show CBF and BOLD signal alteration that reflects stress response, rather than directly reflecting neural activation. Since neurons necessarily expend energy to accomplish their work (Hyder, 2004) , CMRO 2 is thought to be a more direct measure of neuronal activity than is CBF or BOLD. Although measures of CBF may be particularly useful when investigating the direct impact of stress on clinical populations, CMRO 2 is likely to be a more accurate measure when interested in investigating neural activity controlling for stress. Future work is needed to examine the differential relationships between physiological measures of stress (i.e., cortisol, GR and MR expression) and CBF, the BOLD signal, and CMRO 2 , to better elucidate the impact of stress on brain function and its relationship to clinical symptoms. Revealing potential associations between stress, brain response, and symptom severity is of particular clinical relevance.
The positive BOLD response observed in most fMRI experiments reflects the fact that CBF increases relatively more than CMRO 2 , so that local capillary and venous blood are more oxygenated during increased brain activity. In general, the actual amplitude of the BOLD M A N U S C R I P T
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response reflects a delicate balance between the relative increases in CBF and CMRO 2 (Brown et al., 2007; Buxton et al., 2004) . For example, decreased BOLD response to food cues in reward circuitry in AN, thought to reflect reduced reward sensitivity and motivation to eat, may thus reflect impaired CBF response and/or altered CBF/CMRO 2 coupling, or a true decrease in neural activity with normal CBF/CMRO 2 coupling. However, without a quantitative estimate of functional changes in CMRO 2 , the impact of physiological effects (e.g., stress hormones, malnutrition) on CBF and the BOLD response is unclear. To improve the interpretability of future BOLD FMRI studies, Iannetti & Wise (Iannetti and Wise, 2007) have argued that calculation of CMRO 2 is the best method to extract meaningful information of neural activity from fMRI BOLD studies in patients by disentangling potential vascular confounds.
Calculation of CMRO 2 has traditionally been accomplished through the use of calibrated fMRI. This innovative functional imaging techniques estimates functional changes in CMRO 2 by simultaneously acquiring BOLD and CBF data during a functional task in combination with a calibration experiment and analyzing these data within the context of a mathematical model of the BOLD response (Davis, Kwong, Weisskoff, & Rosen, 1998; Liu & Wong, 2005) . The calibration constant M, corresponding to the maximum possible BOLD signal increase (i.e. the signal increase that could be achieved upon total elimination of all dHb from tissues), is estimated using blood gas manipulation techniques, most often involving CO 2 or O 2 gas mixture breathing. Assuming that these hypercapnic techniques do not induce changes in CMRO 2 , M can then be quantified from the measurement of BOLD and CBF changes relative to baseline, allowing for subsequent quantification of fractional changes in CMRO 2 (Davis et al., 1998) . Regionally specific changes in CMRO 2 in response to a functional task can then be used as outcome measures in case-control comparisons of neural function differences.
Although the calibrated fMRI method offers one of the best noninvasive techniques currently available for measuring oxygen metabolism in the brain with good spatial and temporal resolution (Griffeth & Buxton, 2011) , some limitations of this technique should be noted. The David model has become the standard model for the calibrated fMRI experiment, but this model makes several assumptions, that if incorrect, could lead to errors in calculating CMRO 2 . For example, the Davis model assumes 1) CBV changes are uniformly distributed across vascular compartments, 2) CBF/CBF coupling is always the same, and 3) hypercapnia does not affect CMRO 2 . The Davis model also neglects intravascular signal changes (despite evidence that intravascular signal changes and CBV exchange effects can bias estimated CMRO 2 ). Moreover, although directly measuring CMRO 2 using a hypercapnic challenge to calibrate the BOLD signal across participants allows for the most accurate estimate of CMRO 2 , it may also be cumbersome to acquire in some populations (e.g., older adults) (Griffeth & Buxton, 2011; Hoge, 2012) . As such, newer scan sequences are being developed to assess CMRO 2 without requiring hypercapnia (Blockley, Griffeth, Simon, Dubowitz, & Buxton, 2015; Yücel, Huppert, Boas, & Gagnon, 2012) . Furthermore, because calibrated fMRI relies on measurement of CBF, limitations of arterial spin labeling methods, including magnetization transfer effects, reduced tagging efficiency, insensitivity to transit time effects, and low spatial resolution may also apply.
Conclusion
Stress and altered HPA axis activity have been implicated in the pathogenesis and maintenance of ED, and the impact of stress on the neurobiological substrates of appetite regulation and food-related reward processing is beginning to be revealed. With the increasing application of fMRI techniques to the study of stress in ED, there is a growing need for quantitative measures that can more accurately reflect neural activity without confounding physiological effects of M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT stress and malnutrition. One promising area for future efforts entails the use ASL/BOLD calibrated fMRI in order to advance our understanding of the unique features associated with the pathophysiology of ED. One clear benefit of this approach is to control for physiological effects of stress and ED behaviors on traditional measures of neural activation to avoid potentially confounding effects of stress with differences in neural function. Moreover, the ability to differentiate between CBF, BOLD and CMRO 2 also allows for model comparisons to directly assess the differential influence of physiological measures of stress on each measured brain response. The potential utility of calibrated fMRI lies in its ability to help resolve some of the discrepancies in the literature and depends on carefully designed studies aimed at directly mapping complex neurobiological stress profiles onto specific symptom constructs and functional brain response. Figure 1 . Schematic representation of overlapping stress and food reward circuitry (Cleck & Blendy, 2008; Monteleone et al., 2018) . The reward pathway (green) is composed of dopamine cell bodies in the ventral tegmental area (VTA) that project to the ventral striatum (VST). The VTA also projects to parts of the prefrontal cortex (PFC), hippocampus (HIP), insular cortex (IC), and the amygdala (AMY). Central corticosterone-releasing factor (CRF) circuitry (yellow) consists of CRF-containing cell bodies located in the central nucleus of the amygdala, which projects to the bed nucleus of the stria terminalis (BNST). CRF projections from the amygdala also innervate the VTA, thus completing the circuit. The hypothalamic CRF projections are directed to the pituitary gland (PIT) located outside the blood-brain barrier. CRF in the PIT stimulates the endocrine output of the HPA axis (red) including the release of adrenocorticotropin hormone (ACTH), which acts on the adrenal gland (ADR) to stimulate the secretion of cortisol. A negative feedback system allows for cortisolmediated regulation of continuous CRF production in the HPA axis. 
